2-(3H-Imidazol-4-yl)-ethylamine (HIE) was researched as a green novel corrosion inhibitor for Q235 steel in 1 M HCl. In this work, electrochemical methods, surface morphology analysis, and theoretical calculations were used to explore the corrosion inhibition performance of HIE. Electrochemical results show that HIE can exhibit superior anti-corrosion performance for Q235 steel in HCl. SEM and AFM intuitively prove that HIE can effectively inhibit the corrosion of Q235 steel. In addition, it is worth mentioning that the adsorption of HIE on the Q235 steel surface is consistent with Langmuir isotherm adsorption. The quantum chemical calculations and molecular dynamics simulations had demonstrated that HIE exhibits excellent corrosion inhibition performance.
INTRODUCTION
Q235 steel is a kind of ordinary carbon structural steel. It has excellent properties such as plasticity, toughness, hardness, strength and welding. Therefore, it is widely used in construction machinery, weaponry, resource and environment, energy and power, marine applications and other fields [1] [2] [3] . However, in most cases, steel is inevitably affected by environmental factors such as light, temperature, pH, and microorganisms during the application process. Its structure and properties are easily damaged, and many large steel equipment cannot work properly. Therefore, anti-corrosion research on Q235 steel has been receiving much attention.
Among many metal protection methods, corrosion inhibitors are one of the low cost and convenient methods [4] [5] [6] [7] . Adding corrosion inhibitor is a good process with wide application, simple process and low cost in metal corrosion protection, especially for power, transportation, metallurgy and other fields [8, 9] . Hydrochloric acid is commonly used in industrial pickling processes [10] . It is often necessary to add inhibitors to control the consumption of iron and iron alloys and to reduce the amount of acid used. It has been reported that organic corrosion inhibitor molecules containing polar groups such as nitrogen, oxygen, sulfur, unsaturated bonds and aromatic rings can be adsorbed on metal surfaces by electrostatic interaction or coordination covalent bond [11] [12] [13] [14] [15] [16] [17] .
In recent years, research on environmentally friendly corrosion inhibitors has become a hot spot in corrosion research. Tan et al. [18] studied the anti-corrosion properties of two food flavors on steel in sulfuric acid solution. Experimental and theoretical calculations showed that the two food flavors can exhibit excellent corrosion inhibition performance. Wang et al. [19] studied ficus tikoua leaves extract as an eco-friendly corrosion inhibitor for carbon steel in HCl. It can be clearly found that they are all natural environmentally friendly corrosion inhibitors. In my work, HIE naturally exists in papaya fruit. Therefore, HIE is a green corrosion inhibitor. I used a combination of experimental and theoretical calculations to deeply investigate the anti-corrosion performance of HIE for Q235 steel in 1 M HCl.
EXPERIMENTAL

Material preparation
HIE purchased from Adama Reagent, which has a purity greater than 99.5%. The chemical structure of HIE is shown in Figure 1 . It can be found that its molecular formula consists of a nitrogencontaining five-membered ring and an amino group. So it is a relatively stable structure. The chemical composition of Q235 steel is listed in Table 1 . The Q235 steel was cut into 1×1×1 cm 3 samples for preparation of working electrodes. The other side of the Q235 steel electrode was sealed with oxidized resin, leaving a 1×1 cm 2 working surface. HIE was formulated into a concentration gradient of 0.5, 1, 2, and 5 mM for electrochemical testing. 
Electrochemical experiments
The electrochemical experiments of this research were executed at the Chi660e electrochemical workstation (Shanghai Chenhua Co., Ltd.) with a traditional three-electrode system at the temperature of 298 K. Q235 steel was the working electrode. At each test, carefully polish the Q235 electrode on 180 to 3000 mesh sandpaper. The platinum electrode was an auxiliary electrode. Its area is 2×2 cm 2 . Saturated calomel electrode (SCE) was reference electrode. Firstly, the open circuit potential test was performed and the test time was 1800 seconds. The initial potential was the stable open circuit potential value (Eocp), the frequency scope was 100 kHz to 10 mHz, and the sinusoidal excitation signal wave was 10 mV. Finally, the polarization curve was tested. The range of polarization was Eocp  0.25 V, and the scanning rate was 0.01 mV/s.
Surface topography test
The Q235 steel was cut into 1×1×1 cm 3 and 0.5×0.5×0.5 cm 3 samples for AFM (MFP-3D-BIO) and SEM (JEOL-JSM-7800F) testing, respectively. Prior to testing, Q235 steel samples were sequentially sanded on sandpapers of 180 to 7000 mesh. The polished Q235 steel samples were immersed in hydrochloric acid solution with and without 5 mM HIE for 2 hours at 298 K.
Theoretical calculation
The quantum chemical calculations and molecular dynamics simulation (MDS) of HIE molecules are performed in Material Studio 8.0 software. The calculated parameter settings were as following: The task of calculation was structural optimization. Quality was medium. Energy was 4×10 −5 Ha. Max.force was 0.05 Ha/Å. Basis Set and Basis file were DNP and 4.4, respectively. Forcefield was the COMPASS force field. The adsorption configuration of HIE and 500 H2O molecules on the Fe (110) surface was calculated in the forcite module of MS 8.0 software. The parameters were set as following: the calculated task was Dynamics. Qualit was medium. Ensemble was NVT. Time step was 1fs, and Total simulation time was 1000 ps. Figure 2 is an electrochemical impedance spectroscopy (EIS) of Q235 steel in 1 M hydrochloric acid solution at different HIE concentrations in the 298 K. In Figure 2 (a), we can see that the capacitive loop arc shows a depressed semicircle, which can be attributed to the adsorption of HIE molecules on the surface of Q235 steel, resulting in uneven surface of the steel electrode. It is also worth mentioning that with the HIE concentration increases, the radius of the capacitive loop arc increases significantly, indicating an increase in charge transfer resistance. That is to say, the corrosion resistance of Q235 steel is increased due to the adsorption of HIE on the steel surface.
RESULTS AND DISCUSSION
Electrochemical impedance spectroscopy (EIS)
In Figure 2 (b), it can be found that the impedance modulus of the low frequency region when the addition of 5 mM HIE is significantly increased by an order of magnitude for the blank solution. Since the low frequency region corresponds to diffusion control, this indicates that the adsorption of HIE causes the diffusion of iron ions into the solution to be significantly weakened. In addition, the plot of the phase angle value after adding HIE is significantly larger and wider. This shows that HIE can show excellent corrosion inhibition performance. In order to further understand the EIS experimental data, we used the equivalent circuit diagram of Figure 3 to fit the impedance spectrum. The results of the fitting are listed in Table 2 . RS is the solution resistance. Rct is a Charge transfer resistance. n is the deviation index. Cdl is an electric double layer capacitor. η is the corrosion inhibition efficiency. The values of η and Cdl can be obtained by the following formulas [20] [21] [22] [23] :
the value of fZim-Max is the frequency corresponding to the maximum imaginary part of the impedance, Rct,0 and Rct are charge transfer resistance without and with HIE, respectively.
From Table 2 , we can see that the inhibition efficiency increases significantly with the increase of HIE concentration. When the concentration of HIE is 5 mM, the inhibition efficiency has reached 93.1%. It is also worth mentioning that as the value of the deviation index n appears to approach 1 as the concentration increases. Explain that the surface of the electrode has a capacitive property, which indicates that HIE forms a dense protective film on the surface of Q235 steel. In addition, it can be found that the value of Cdl is obviously declining. According to Helmholtz model [24] :
where  and  0 stand for the local dielectric constant and the air dielectric constant of the electric double layer, respectively, S is the surface area of the Q235 electrode, and d is the thickness of the electric double layer. The more molecules the HIE molecule replaces the surface of Q235, the more obvious the decrease in the value of Cdl. Figure 4 shows the polarization curve of Q235 steel in 1 M hydrochloric acid solution at 298 K with various HIE concentrations. It can be found that as the concentration of HIE increases, the corrosion current density shows a declining trend. This indicates that HIE can effectively inhibit the corrosion of Q235 steel in hydrochloric acid solution. The polarization curves of the cathodic branches show a parallel trend, which indicates that the adsorption of HIE molecules in Q235 steel does not change the reaction mechanism of the cathode. While, the slope of the polarization curve of the anode branch changes significantly, which indicates that HIE can effectively inhibit the dissolution of iron ions. It is worth mentioning that at the HIE concentration of 5 mM, the slope of the anode branch increases sharply, indicating that the HIE molecule desorbs on the Q235 steel surface. We used the Tafel extrapolation method to obtain parameters such as corrosion current density and corrosion potential. These parameters are listed in Table 3 .
Potentiodynamic polarization (PDP) curves
The corrosion current density can be calculated by the following formula [25] [26] [27] [28] [29] [30] [31] [32] [33] :
where icorr and icorr, 0 are corrosion current density with and without HIE, respectively. After the addition of HIE, the corrosion potential shifts significantly toward the cathode, but the change in corrosion potential is significantly less than 85 mV relative to the blank solution, indicating that HIE is a mixed-type corrosion inhibitor. Besides, it can be found that when the HIE concentration is 5 mM, the corrosion current density drops to 19.4 μA cm -2 , and the inhibition efficiency is 96.4%. Therefore, it can be strongly proved that HIE has excellent anti-corrosion performance on Q235 steel in 1 M HCl. Figure 5 is the surface topography of Q235 steel under different conditions. Figure 5 (a) is the surface topography after grinding. It can be found that the entire Q235 steel surface is very flat, with only a small amount of scratches left after polishing. Figure 5(b) is the surface topography diagram after immersing Q235 in 1 M hydrochloric acid containing 5 mM HIE for 2 hours at 298 K. It can be found that there are a small amount of corrosion holes on the surface, and the scratches left by the polishing are faintly visible. Figure 5 (c) is the surface topography diagram of immersing Q235 steel in 1 M hydrochloric acid without HIE for 2 hours at 298 K. It can be found that the surface of the entire Q235 steel has been severely corroded. By comparing Figures 5(b) and (c), it can be found that HIE can exhibit excellent anti-corrosion performance. Figure 6 shows an atomic force microscope 3D image under different conditions. Figure 7 is a 2D contour map under different conditions. Figure 6 (a) is the 3D surface topography after grinding. It can be seen that a lot of scratches appear on the entire 5×5 μm 2 surface. After grinding, the surface roughness of Q235 is about 9 nm. Figure 6(b) is the 3D surface topography diagram after immersing Q235 in 1 M hydrochloric acid containing 5 mM HIE for 2 hours at 298 K. In the presence of 5 mM HIE, the surface roughness of Q235 is about 12 nm. Figure 5 (c) is the 3D surface topography diagram of immersing Q235 steel in 1 M hydrochloric acid without HIE for 2 hours at 298 K. The surface roughness of Q235 is about 38 nm. By comparing their roughness, it can be found that HIE can effectively inhibit the corrosion of Q235 in hydrochloric acid solution. 
Scanning electron microscopy
Atomic Force Microscope
Adsorption isotherm research
In order to study the adsorption of HIE molecules on the surface of Q235 steel. We used different isothermal adsorption models to fit the polarization curve data. The experimental results show that the adsorption of HIE on the surface of Q235 steel is consistent with Langmuir's single layer adsorption. The results of the fit are listed in Figure 8 . The fitted linear regression coefficient R 2 is close to 1. It indicates that the adsorption behavior of HIE on the surface of Q235 steel is consistent with Langmuir adsorption. Langmuir adsorption isotherm expression is as following [34] :
Where C is the concentration of HIE. Kads is the adsorption equilibrium constant.  is the coverage. By calculation, it can be concluded that the value Kads is 6348.4 (L/mol).
To is between 20 and 40 kJ/mol, there is a physical and chemical adsorption coexisting [35, 36] . Therefore, it can be proved that the adsorption of HIE on the surface of Q235 steel has a combination of physical and chemical adsorption. 
Quantum chemistry calculation
Quantum chemical calculation is an effective way to predict the corrosion inhibition of corrosion inhibitor molecules. In this work, we calculated the frontier molecular orbitals, dipole moments, and electrostatic potential maps of HIE molecule. The result of the calculation is presented in Figure 9 .
In Figure 9 , it can be found that the electrostatic potential map of HIE consists of a red region and a blue region. The red region is mainly distributed on the five-membered ring containing nitrogen atoms and the nitrogen atom. While, the blue area is mainly distributed on carbon atoms. The red color of the ESP map has a nucleophilic nature, and the blue regions are electrophilic nature [18] . Therefore, it can be proved that HIE participates in chemical bonding with Q23 steel mainly through nitrogencontaining heteroatoms and nitrogen-containing five-membered rings.
Frontier molecular orbital theory is widely used to study the electron cloud density distribution of corrosion inhibitor molecules. It can effectively determine the active site of the inhibitor molecule. In Figure 9 , it can be found that the electron cloud density of the HIE molecule is uniformly distributed over the entire molecule. This indicates that HIE molecules are more likely to adsorb in parallel on the surface of Q235 steel.
In addition, we calculate the values of dipole moment and energy gap (E = ELUMO−EHOMO) of the HIE molecule [37, 38] . The energy gap value of HIE is 3.17 eV. The dipole moment of HIE is 3.3 Debye. Most corrosion workers believe that small energy gap values and large dipole moments correspond to superior corrosion inhibition performance [39] . We can see that HIE has a small gap value and a large dipole moment. Therefore, it can be judged that HIE molecules can show excellent corrosion inhibition performance. This is consistent with the experimental results. 
Molecular dynamics simulation
Molecular dynamics simulation (MDS) can effectively calculate the adsorption behavior of corrosion inhibitor molecules on metal surface. Figure 10 presents the stable adsorption configuration of HIE molecules on the surface of Fe(110) surface. It can be found that the HIE molecules are adsorbed almost parallel on the Fe(110) surface through the nitrogen-containing five-membered ring and the nitrogen hetero atom. This is consistent with the results of previous quantum chemical predictions. In addition, we obtained the binding energy of HIE molecules on the surface of Q235 steel by the following formulas [39] :
eract binding E E int − = (7) ) ( int inh subs tot eract E E E E + − = (8) where Ebinding represents the binding energy of HIE and Q235 steel surface, Etot represents the total energy of the entire simulation system, Esubs represents the total energy of the Fe(110) and H2O, and Einh represents the energy of the HIE molecule. The binding energies of HIE on the surface of Q235 steel is 337.9 kJ/mol. This indicates that the HIE molecule has a strong adsorption capacity on the surface of Q235 steel, thus exhibiting excellent corrosion inhibition performance. 
CONCLUSION
HIE molecule exhibits excellent corrosion inhibition performance of Q235 steel in 1 M HCl. Electrochemical experiments show that HIE molecules can simultaneously inhibit the cathodic and anodic reaction of Q235, which is a mixed-type corrosion inhibitor. Significant desorption behavior at the anode branch when the HIE concentration is 5 mM. SEM and AFM morphology analysis strongly and vividly corroborate the results of electrochemical tests. The adsorption of HIE on Q235 steel surface is consistent with Langmuir's single layer adsorption. Its adsorption type is a combination of physicochemical adsorption. Quantum chemical calculations strongly explore the active adsorption sites of HIE molecule. Molecular dynamics simulations show that HIE molecules can be adsorbed in parallel on the Fe(110) surface to obtain the largest coverage area.
